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Stick-slip behavior is an interesting case of complex spatiotemporal dynamics that may appear in extended systems. A particularly relevant phenomenon that may be associated with this type of dynamics is earthquake generation [1] . Once a fault has been formed its further motion is controlled by friction, and can proceed in either a continuous manner at tectonic velocities (fault creep) or through dynamic instabilities (earthquakes) followed by periods of no motion. This common frictional behavior is usually referred to as regular stick-slip.
Deterministic spring-block models with different friction laws [2] [3] [4] [5] have been used both for describing stick-slip observed in the laboratory and for modeling earthquakes [1] . The physical ingredients of these models are a couple of plates in relative motion, and a chain of blocks that are elastically coupled among themselves and to one of the plates, and sliding on top of the other plate with a given force of friction. The blocks mimic the points of contact between two tectonic plates, the springs represent the elastic response of the contact region to normal and shear stress, and the friction force is the non-linear element of the models.
Numerical studies of these models, with velocity weakening friction have shown that several types of complex spatiotemporal dynamics may appear depending on the different length and velocity scales of the system. For instance, disordered regimes [3, 5, 6] and nearly periodic global relaxations [7] may appear. Propagating solutions exist also in systems with periodic boundary conditions, depending on both the size of the system and the pulling rate [8] [9] [10] .
These types of dynamics have been found in several experiments. For instance, a glass rod pulled on top of a latex membrane [11] showed slipping events that occurred as detachment waves with a wide distribution of event sizes. Arrays of steel balls stuck in a highly deformable silicone matrix and dragged by the friction against a rotating solid wall showed both power law regimes and nearly periodic regimes [12] . A gel sheared in between two coaxial cylinders yielded global relaxations, complex regimes showing time statistics with exponential decay, and some evidence of propagating relaxations [13] . Here, we report on experimental results about propagating relaxations in a modified experimental system similar to that in [13] , namely an elastic gel sheared in between two coaxial cylinders. The system may be thought as an experimental realization of the spring-block model with periodic boundary conditions. The experimental results are compared with analytical solutions of the spring-block model with a Coulomb friction law [14] .
The experiments have been performed in an annular cell made in between two cylinders and two parallel plates, all of them made of Plexiglas. Some important features of the experimental setup in [13] have been changed. The cylindrical cavity dimensions are larger now: 1.5 cm height, 5 cm inner radius, and 9 cm outer radius. The inner cylinder is slowly rotated by a stepping motor with a nominal resolution of 500 000 steps/rev, giving linear speeds on the rotor surface above ∼ 6 × 10 −5 cm s −1 . The cell is filled with a transparent gel that provides for a highly deformable mainly elastic medium. The cell is surrounded by a cavity in which there is a forced flow of water coming from a thermostatic bath, with ±0.01
• C temperature stability.
We have used gels made of aqueous solutions of gelatin (Fluka 48724) in 10% concentration in weight. We prepared the solutions at 60
• C, and filled the cell at the same temperature. Then, we smoothly cooled down the cell to the working temperature at a rate of 2
• C/hour. Gels with very good optical quality and no initial stresses were obtained with this procedure. Typical values of the Young modulus for these gels are about 10 4 Pa [15] , which, assuming a Poisson ratio of 0.45, give longitudinal and transversal sound velocities about 6.0 and 2.0 m s −1 , respectively, in reasonable agreement with experimental data [15] .
We made photoelastic visualization by means of a circular polariscope [16] . The output light field contains information concerning only the difference between the local values of the principal stresses. The optical information is integrated along the axis of the system and the actual local values of the stresses cannot be recovered from the planar light field. However, changes in intensity and/or color reveal changes in the local stress field, and these changes may be used to study the spatiotemporal behavior of the stress relaxations in the system. We digitized the video images directly from the output of a CCD color camera into frames of 720 × 578 pixels, by means of a digitizing card with 8 bit resolution for each color component. The spatial resolution was about 0.3 mm. The time interval between consecutive images was 1 second, which proved to be short enough for the time scales of the stress relaxations.
The evolution in a typical experiment is as follows. Initially, the rotor motion drags the gel and an axisymmetric stress field appears. The existence of the end plates affects the stress field in several ways. First, the gel sticks both to the rotor and to the plates; this makes the stress field three-dimensional and creates large stresses in the corners formed by the rotor and the plates. This fact imposes a lower bound on the gel rigidity and an upper bound on the rotor velocity, for the gel not to break giving, then, a small range of usable driving speeds. Second, the stresses affect only a small layer in the vicinity of the rotor surface, whose depth is always smaller than one third of the radial span of the cell. The stresses in the gel increase until they exceed a threshold in some position in the gel-rotor interface. At this moment, part of the gel moves with respect to the rotor and some stress is relaxed. These relaxation events affect the whole depth of the gel in the axial direction and the stress relaxed is never enough to take the system again to the initial unstressed state. The process of stress building and relaxation is repeated and gives rise to stick-slip dynamics. As everything happens close to the rotor boundary, we have kept only the information corresponding to points located in a circumference concentric to the rotor and placed 2 mm apart from the interface. Tests with a circumference at 1 mm gave strong inhomogeneities due to off-centering and misalignment of the optical system whereas a circumference at 3 mm gave results analogous to the case of 2 mm but with a smaller signal-to-noise ratio. With this procedure, we are left with only one spatial coordinate, i.e. the azimuthal angle.
By changing the gel's rigidity and driving speed two types of spatiotemporal behavior appear: global relaxations and propagating relaxations. The results we show here concern only this last regime that was impossible to study in detail with the experimental setup in [13] . The term propagating relaxations refers to small regions with large azimuthal gradients in the photoelastic information, that travel around the rotor surface releasing elastic stress as they pass by (see fig. 2b in ref. [13] ). These regions move at a well-defined average speed and different number of relaxation zones may appear. Some observations in strip geometry suggest that these propagating relaxations might be detachment waves [11, 17] .
We have investigated the dependence of the average propagating speed β on the driving speed V and the number of relaxation zones n. In fig. 1a . we show superimposed results corresponding to temperatures of 25
• C and 26 • C. Filled triangles represent a regime with n = 3 at T = 26
• C. These relaxations have lifetimes on the order of hours, but are not completely stable: the number of relaxation zones may change while the driving velocity is kept constant. For instance, in figs. 1a and b, the experimental points at V = 2.5×10 −4 cm s
corresponding to T = 25 • C and n = 2, 3, and 4 were obtained by keeping V fixed. Actually, n changed successively from 2 to 3 to 4 and back to 3 again. The relationship between β and V is approximately linear; the solid line represents a least-squares fit, which yields β = 386V + 0.01. All other points belong to the run at 25
• C; circles correspond to n = 2, unfilled triangles to n = 3, and squares to n = 4. For n = 2 the β(V ) dependence is again linear with a least-squares fit (dashed line) given by β = 596V + 0.01. Notice that the relationship between both slopes is close to 2/3. This suggests that β can be expressed as a constant time V /n. Figure 1b is a slightly decreasing function of the gel's temperature. This might reflect the decrease of the Young modulus of the gel upon increasing the temperature. It is remarkable that these values of the propagating speed are about two orders of magnitude smaller than the reported sound velocities for these gels. Another interesting experimental fact is that the passage time t m of a relaxation over a certain position is independent of both the driving speed and the number of relaxation zones present. In the experiment, t m is measured as the time during which the photoelastic signal changes rapidly when the propagating relaxation is passing a selected point very close to the rotor surface. In fig. 2 we plot the passage time vs. the driving speed for the cases included in fig. 1 . The points correspond to average passage times taken over several points corresponding to different azimuthal positions. Although there is some dispersion in the data, no systematic dependence on driving speed or number of relaxation zones is apparent. The average values of the passage time (in seconds) are t m = 21 ± 3 and t m = 23 ± 3, at T = 26
• C and T = 25 • C, respectively. This constancy of the passage time means that the azimuthal length λ of the relaxation zone, which may be calculated as β times t m , is also proportional to V and inversely proportional to n. With the values obtained for t m and the range of propagation speed shown in fig. 1a , the azimuthal length of the relaxation zone ranges in between 1 and 5 cm.
These facts can be qualitatively understood in the following way. Let us consider an experimental regime, under constant driving speed, during a large time interval in which a constant number of relaxation zones appear. During this time, it is conceivable that, in order for the propagating speed to be constant in time and independent of position, each element of the surface of the gel is displaced a fixed distance, x m , every time a solitary relaxation passes over it. Then the condition relating x m and T s in ref. [9] can be readily transposed to the gel problem: in the time period in between two solitary relaxations, T s , the displacement of the surface point relative to the relaxed configuration is x m = V T s . Moreover, the propagation speed must equal the distance separating two consecutive solitary relaxations divided by T s , i.e. β = L/nT s , where L is the size of the system. Therefore,
which shows a behavior coincident with the experiments provided x m does not depend strongly on the driving speed. Incidentally, the experimental value of nβ/V can be used to estimate the displacement x m of an element of the gel surface every time a solitary relaxation passes over it; the value obtained is about 0.24 mm. Now, why this x m should be constant in the experimental situation? The fact that stick-slip motion appears in the experiments suggests a velocity weakening friction law [1] . In particular, in the latex band experiment [11] , detachment waves have been shown to display Coulomb-like friction. It is expected that some of our experimental results can also be understood in terms of a spring-block model with a Coulomb friction law and periodic boundary conditions. In such a model, Muratov has recently shown [18] that the whole dynamics and, therefore, x m is ruled by the amount of stress accumulated in front of the solitary relaxation. In a mainly elastic medium, such as a gel, with a Coulomb-like friction law, this accumulated stress should depend only on the friction force jump between static and dynamic conditions, and the elastic constant of the problem. This can be worked out in full detail in the case of a spring-block model with Coulomb-like friction and periodic boundary conditions.
In the following x i (t) denotes the position of the i-th block with respect to a laboratory reference frame. By choosing appropriate units for length and time, the Coulomb friction φ(ẋ i ) has a unity static value and a dynamic constant value, φ, smaller than one, and the equation of motion for the i-th block reads
where l corresponds to the sound velocity of the chain. We have used the same units as in ref. [9] . Two kinds of propagating solutions can be worked out analytically, corresponding to the discrete chain and to the continuum limit, respectively. Subsonic solitary relaxations can be constructed in the discrete chain by assuming that only one block moves at a time and that the chain sustains a stable propagating relaxation. This problem can be solved exactly following [9] , and one obtains t m and x m , which read
where ω = √ 1 + 2l 2 , and α = V /(1 − φ). β can then be obtained directly through eq. (1). In the limit of very small driving speed (α/ω 1), we have
which shows that x m is independent of V, n. On the other hand, supersonic propagating relaxations in the continuum limit (x i (t) → x(s, t) with s being now the spatial coordinate) can be obtained analytically also following ref. [9] . In this case the continuum equation reads
, where ζ is the continuum sound speed and the primes denote differentiation with respect to s. After substitution of a soliton solution, this equation can be transformed into an ordinary equation of the form
. This equation can also be solved exactly obtaining expressions for t m , and β formally equivalent to eqs. (4) and (1), with the only change in x m being now
In this case, β is defined implicitly, and can only be obtained numerically. As eq. (1) is generally valid, if x m is not strongly dependent on V and n, a behavior similar to the experimental one is obtained. Particularly, in the limit of small driving speed (α/ω 1)
which are again in agreement with the experimental results. Numerical simulations confirm these predictions in all aspects and will be reported elsewhere. In summary, the dynamical regime of propagating relaxations in the surface of a gel sheared by a moving solid boundary has been studied. The dimensionless group nβ/V is independent of the driving speed and n in the parameter range studied. We have shown that this behavior is caused by the existence of a characteristic azimuthal length scale, namely the distance x m traveled by a surface element during a relaxation event which is independent of the pulling speed and of the number of relaxation zones present in the system. We have also shown that a spring-block model which captures the main physical ingredients of the real system (elasticity, friction and threshold dynamics) also exhibits a similar behavior regarding the velocity of the propagating relaxations in the system. Actually, the behavior is quite robust as it appears in both, the discrete chain with only one block moving at a time, and in the continuum limit.
In each limit the nature of the propagations is quite different, though. In the discrete chain the studied propagations are subsonic (β < l, where l is the dimensionless speed of sound), whereas in the continuum limit they are supersonic. In the experiments, the speed β of the propagating relaxations is two orders of magnitude smaller than the bulk sound speeds of the gelatin. This would suggest a subsonic behavior and the adequacy of the discrete chain to describe the experiments. However, this is rather strange because one expects a continuum description to be valid for gelatin at the length scales involved in this problem. Moreover, the dispersion relation (propagation speed) for perturbations of the gel/rotor surface is not known. Therefore, the apparent paradox must be attributed to the oversimplification of the model. We should note that it is not possible to directly relate the model parameters l, φ with physical material constants of the system like the Young modulus, speed of sound or frictional properties. Although essential dynamics is captured by the spring-block model, more realistic three-dimensional models, perhaps with viscoelastic constitutive equations, are required in order to fully understand the experimental results.
